+ T cells exist in substantial numbers within hosts that have not been exposed to either foreign antigen or overt lymphopenia. These antigen-inexperienced memory-phenotype T cells can be divided into two major subsets: 'innate memory' T cells and 'virtual memory' T cells. Although these two subsets are nearly indistinguishable by surface markers alone, notable developmental and functional differences exist between the two subsets, which suggests that they represent distinct populations. In this Opinion article, we review the available literature on each subset, highlighting the key differences between these populations. Furthermore, we suggest a unifying model for the categorization of antigen-inexperienced memory-phenotype CD8 + T cells.
Lymphocytes within the peripheral T cell repertoire are classified as either naive or memory cells on the basis of their expression (or lack thereof) of various cell-surface markers and receptors. The expression of these surface markers correlates with various traits and functions that are specific to different T cell populations. For example, naive and central memory T (T CM ) cells express both CC-chemokine receptor 7 (CCR7) and CD62 ligand (CD62L; also known as L-selectin), which facilitate their surveillance of secondary lymphoid tissues. By contrast, other populations of memory T cells show increased expression of CD122 (also known as IL-2Rβ), CXC-chemokine receptor 3 (CXCR3) and the adhesion receptors CD44, CD11a and CD49d, all of which facilitate (among other things) their access to and responses within inflamed peripheral tissues. As these phenotypical changes occur in response to productive T cell receptor (TCR) signalling, the expression of these markers is classically viewed as a window into the history of a cell's encounter with antigen in the periphery. However, although the majority of CD8 + T cells in an unmanipulated host (that is, an animal that has not been challenged with proliferation 4, 6, 16 , their role is mainly to provide a tonic stimulus through the TCR rather than an actual antigenic stimulus. Although a precise definition of a 'tonic stimulus' has never been fully clarified, it can be loosely defined as an interaction that does not lead to overt T cell activation but results in signalling that is necessary for the T cell to maintain responsiveness to subsequent activation [17] [18] [19] . Memory-phenotype cells that arise as a result of this form of homeostatic proliferation show consistently low expression of the α4 integrin CD49d; this is in sharp contrast to antigen-experienced memory T cells, which express high levels of CD49d 5, 6, 20 . A close examination of the memory-phenotype T cells present in lymphoreplete antigen-inexperienced hosts revealed their universal low expression of CD49d 3 . Not surprisingly then, these cells were subsequently found to be abundant in hosts containing progressively fewer foreign antigens; for example, pathogen-free mice, germ-free mice and even mice fed an elemental diet free of potential food antigens (REF. 21 and C. Surh 3 . From these data, we can conclude that the normal lymphoreplete host can support the development of memoryphenotype CD8 + T cells in the complete absence of overt antigen recognition.
Two major subtypes of memoryphenotype CD8 + T cell that have phenotypical similarities to the cells that undergo lymphopenia-induced homeostatic proliferation have been described in normal wild-type mice; these populations have been referred to as 'innate CD8 + T cells' and 'virtual memory T cells' (T VM cells) [26] [27] [28] [29] [30] . Both populations seem to undergo relatively normal TCR rearrangement and thymic selection (with the exceptions noted below), and emerge with an unrestricted TCR repertoire. During or subsequent to their maturation into a naive single-positive CD8 + T cell, these cells receive the necessary signals, either within the thymus or in the periphery, to promote their differentiation into memory-phenotype cells. At first glance, they bear a striking resemblance to one another, which has led to some researchers dismissing the differences antigen) display a naive phenotype, there also exists a substantial population of CD8 + T cells (15-20% of total circulating CD8 + T cells) that express phenotypical markers of immunological memory. This has been known for some time 1, 2 , but it was generally assumed to be the result of T cell responses to gut microbiota and/or exposure to unrelated pathogens. Although this is certainly true for some of the memoryphenotype T cells, present evidence indicates that the vast majority of these cells are antigen inexperienced, instead arising as a result of cytokine stimulation 3 .
Observations from lymphopenic animal models were crucial for establishing the settings in which these antigeninexperienced memory cells form. CD8 + T cells transferred into a host deficient in T cells (genetically or as a result of irradiation) will undergo substantial rounds of proliferation [4] [5] [6] [7] . This homeostatic proliferation is dependent on cytokines such as interleukin-7 (IL-7), as well as on the expression of other cytokines, most of which signal through the common γ-chain (also known as CD132) [8] [9] [10] [11] [12] [13] [14] [15] . Although MHC molecules are required for naive T cells to undergo lymphopenia-induced homeostatic in their development and considering them as a single population 31 . However, recent data highlight sufficiently different developmental pathways and functional capabilities that warrant the treatment of these cells as distinct subsets 28 . It is worth clarifying that the antigen-inexperienced memory-phenotype cells that we discuss here are distinct from innate lymphoid cells (ILCs), natural killer T (NKT) cells and mucosa-associated invariant T (MAIT) cells; ILCs lack an antigen receptor 32, 33 , whereas NKT cells and MAIT cells have an invariant or restricted TCR repertoire. Intraepithelial lymphocytes somewhat straddle the lines of these definitions, but as they are reasonably easy to distinguish from the other memoryphenotype cells and they have been well reviewed elsewhere 34, 35 , we limit our discussion in this Opinion article to innate CD8 + T cells and T VM cells.
Innate memory T cells
A unique population of memory-phenotype CD8 + T cells (originally referred to as "innate CD8 + T cells" (REF. 23)) was initially discovered in mice lacking the TEC kinase IL-2-inducible T cell kinase (ITK). In these mice, the majority of CD8 + T cells in the thymus possess a memory phenotype (that is, they are CD44 hi CD122 hi ) 22, 24 . As more knockout mouse strains were found to have a similar phenotype (for example, those deficient for inhibitor of DNA-binding 3 (ID3), those deficient for Krueppel-like factor 2 (KLF2) and those deficient for CREB-binding protein (CBP; also known as CREBBP)), a pattern was deduced: these molecules are all involved in the upregulation of IL-4 or in the development of NKT cells 25, 26, 30, 36, 37 . Furthermore, the absence of these molecules favours either the production of IL-4 or the development of more NKT cells that express promyelocytic we and our collaborators found memoryphenotype cells within the pre-immune repertoire of T cells specific for antigens that had never before been encountered by the host 3 . These cells had the same phenotype as those that have undergone lymphopeniainduced homeostatic proliferation (that is, they were CD44 hi CD122 hi CD49d low ), which suggested that their development was dependent on cytokine stimuli and not on antigen. The subsequent identification of these cells in hosts free of microbiota, pathogens and even food-related antigens solidifies this conclusion (REF. 21 and C. Surh, personal communication). Since the original description of T VM cells, we and others have determined that they are present in IL-4-deficient hosts 27, 43 , but are absent in mice deficient for either IL-15 or the transcription factor eomesodermin (EOMES) 27 . As these cells were phenotypically similar to those undergoing 'space filling' homeostatic proliferation in a lymphopenic environment, the term 'virtual memory' seemed an appropriate, if somewhat 'tongue-in-cheek' , name for this particular subset given the use of this term in computing to describe a form of memory that is based on an alternative use of disc space (FIG. 1) .
A distinction with a difference
It is reasonable at this point to question whether a T IM -T VM cell paradigm propagates a distinction without a difference. Although some differences will already be evident, the two types of cell are highly similar in terms of their phenotype and their capacity to protect a host against infectious challenge 27, 30, 44 . Indeed, although T IM cells within the thymus express increased levels of CD49d relative to the T VM cells found in the periphery 27 , it becomes nearly impossible to differentiate between the two subsets using this marker once the cells are outside the thymus. In addition, although T VM cells are still present in IL-4-deficient mice, they express high levels of the IL-4 receptor 28 , which suggests that even if IL-4 is unnecessary for their development, they are most probably still influenced by IL-4-induced signalling. Confusing things further, although T IM cells are ablated in the absence of IL-4 regardless of the background mouse strain, the influence of IL-4 and IL-15 on T VM cells in the periphery varies considerably depending on the strain of mice used 45, 46 . In an effort to make sense of these complexities and provide support for instigating a T IM -T VM cell paradigm, we present a comprehensive assessment of the differences between leukaemia zinc finger (PLZF; also known as ZBTB16) and produce large amounts of IL-4 (REFS 26, 38 24, 26, 30, 40 . Although they have yet to be well described outside of the thymus in a wild-type mouse (BALB/c or B6), their presence in the periphery of hosts deficient in ITK or resting lymphocyte kinase (RLK; also known as CERK1) is IL-15 dependent 22 . In the convention of the nomenclature that has been used to describe other memory T cell subsets (for example, T CM cells, effector memory T (T EM ) cells and resident memory T (T RM ) cells
), we refer to these IL-4-dependent thymically derived cells as 'innate memory T (T IM ) cells' for the remainder of this article (FIG. 1) .
T VM cells
Outside the thymus, memory-phenotype CD8 + T cells have been noted in the secondary lymphoid organs of unmanipulated, specific-pathogen-free hosts for some time. These cells were often referred to simply as 'endogenous memory' T cells 41 and were assumed to be the result of T cell responses to environmental antigens of one kind or another. Using tetramer pulldown assays (which use MHC tetramer staining and a magnetic bead enrichment method 3, 42 ) to isolate the nominal antigen-specific repertoire, • Central memory T (T CM ) cells: a population of memory T cells that express CD127 (also known as IL-7Rα), CD62 ligand (CD62L) and CC-chemokine receptor 7 (CCR7). T CM cells recirculate through both secondary lymphoid tissues and peripheral tissues; display self-renewing proliferative capacity; and both respond to and produce interleukin-2 (IL-2). This memory T cell subset is involved in protection against systemic infections.
• Effector memory T (T EM ) cells: a population of memory T cells characterized by moderate expression of CD127 and low levels of CD62L and CCR7. T EM cells recirculate mostly through peripheral tissues, and they display reduced proliferative capacity but rapid effector function (cytotoxicity and cytokine production). These cells protect peripheral tissues during infectious challenges.
• Resident memory T (T RM ) cells: these memory cells typically express high levels of CD69 and CD103, and low levels of CD122. As the name implies, they are non-recirculating memory cells, instead maintaining residence within specific tissue sites. This exclusive tissue-residence property makes them highly protective against repeated local infectious challenges.
T IM and T VM cells (FIG. 2; TABLE 1 ), an overall and (hopefully) unifying model of the developmental interplay between the subsets (FIG. 1) , and support for the translation of these differences beyond the mouse into the setting of human immunology (TABLE 1) .
Sites of development
One of the most salient (and easily distinguishable) differences between T IM and T VM cells is their distinct sites of origin: T IM cells develop in the thymus, whereas T VM cells develop in the periphery 29, 43 (FIG. 1; TABLE 1). As for the precursors of each cell type, it is unclear whether or not the conversion of a developing CD8 + T cell into a T IM cell within the thymus is purely stochastic or based on an as-yet-unidentified property of the T cell. By contrast, we recently showed that the naive T cells with the highest levels of CD5 expression (that is, those with a CD44 low CD5
hi phenotype) are the most likely to convert into T VM cells in the periphery 28 . CD5 is a surface molecule for which the expression levels directly correlate with the strength of signal that a developing T cell receives through its TCR upon positive selection by self-peptide-MHC in the their initial results and extended this transcriptional analysis to include T VM cells, showing that the expression of receptors sensitive to inflammation increases even further as cells enter the T VM cell pool 27 . It remains to be determined whether the transcriptional profiles of these subsets will be useful in establishing a definitive precursor of T IM cells as well.
Cytokine dependency
In conjunction with these sites of origin, the story of T IM cell and T VM cell development is largely a tale of two cytokines: IL-4 and IL-15. It is fair to say that the major difference between these two cell types is in the part played by IL-4: T IM cell development is abrogated in the absence of IL-4, whereas T VM cell development is not. This requirement for IL-4 was demonstrated in the earliest publications, in which mice deficient in ITK, ID3 or RLK were found to produce increased numbers of T IM cells compared with wild-type controls 22, 24 . In these strains, the loss of IL-4, PLZF or NKT cells resulted in the loss of thymic T IM cells 26, 37 . The connection between T IM cells and IL-4, PLZF and NKT cells is not thymus. Thus, CD5 expression is an effective proxy for the T cells within the repertoire that have the greatest affinity for self-ligands. CD5 was previously shown to stratify the homeostatic proliferation potential of naive T cells within a lymphopenic environment, with the T cells that show the highest CD5 expression being the most proliferative. Thus, it was perhaps not surprising to find that CD5 hi naive T cells are also the most likely to convert into a T VM cell phenotype within lymphoreplete hosts 27, 28 (FIG. 1) . The differential responsiveness of naive CD8 + T cells based on their CD5 levels adds to a growing number of studies showing that thymic selection produces a far more heterogeneous naive T cell pool than was previously appreciated. By performing RNA sequencing, Stephen Jameson and colleagues 47 conclusively demonstrated this heterogeneity between CD5 hi and CD5 low T cells, with predominant differences being in the expression of factors that are involved in sensing and responding to the inflammatory environment (for example, receptors such as CXC-chemokine receptor 3 (CXCR3) and CD122, and the transcription factor EOMES) 47 . Our data confirmed limited to these mutant strains, as the size of the T IM cell pool can also be accurately predicted from the amount of IL-4 produced by NKT cells in wild-type mouse strains 38, 40 . Thus, an obligate connection exists between intrathymic levels of IL-4 and T IM cell development (FIG. 1) .
By contrast, IL-4 deficiency has a more limited impact on the appearance of T VM cells in the periphery. Whereas the loss of IL-4 produces a small, but reproducible and statistically significant, decrease in the frequency of T VM cells, 80-90% of the T VM cell population remains intact in the absence of IL-4 (REFS 27, 43, 48) (note that these studies were conducted in B6 mice; see the 'Mouse strains' section for strain considerations). However, cells with a T VM cell phenotype are absent from the periphery of IL-15-deficient mice and are also not detected in mice with CD122-deficient T cells 27 . Experiments that used an IL-15-reporter mouse developed by Philippa Marrack and colleagues showed that basic leucine zipper transcriptional factor ATF-like 3 (BATF3)-dependent dendritic cell (DC) subsets are the predominant the thymus seed the periphery at a rate that is yet to be determined. As cells derived from T IM cells and T VM cells seem to have the same phenotype once they are in the periphery (that is, a CD44 hi CD122 hi CD49d low phenotype), the degree to which the number of cells with a T VM phenotype decreases in IL-4-deficient hosts could mostly reflect the contribution of T IM cells to the periphery (FIG. 1) . In addition, and not exclusive of this, IL-4 could also more directly influence T VM cell development. It is unclear at this point whether IL-4 is in some way developmentally necessary for a full complement of T VM cells; whether IL-4 in the periphery can convert naive T cells into T VM cells (analogously to the role of IL-15 in T VM cells); and whether IL-4 expands the existing T VM cell population (FIG. 1) . Evidence for each possible model has been published, although so far no data conclusively distinguish between these non-exclusive alternatives. First, it is conceivable that thymic IL-4 'programmes' a developing T cell in such a way that, once it becomes mature, the circulating naive producers of IL-15 in the steady state 27 . By comparing T VM cell development in BATF3-deficient mice on different background strains (B6/129 versus B6 background), we identified CD8α + lymphoid-resident DCs as being the cells that are largely responsible for T VM cell development in the periphery 27 . Productive IL-15 signalling for T VM cell development requires EOMES 27, 49 , and results in the increased expression of both EOMES and T-bet. Curiously, however, T-bet expression is not necessary for T VM cell development, and this transcription factor may even inhibit their development, as T-bet-deficient mice often have elevated frequencies of T VM cells (R.M.K., unpublished observations). Regardless, the loss of IL-15 expression (in B6 mice) has essentially the same impact on T VM cell development in the periphery as does the loss of IL-4 on T IM cell development in the thymus.
That said, although the peripheral pool of T VM cells is not IL-4 dependent, it is inarguably IL-4 sensitive. For one, it is likely that IL-4-dependent T IM cells from T cell is more sensitive to the peripheral signals that convert naive CD8 + T cells into T VM cells, potentially by tuning its responsiveness to IL-15. For example, IL-4 might help to induce increased expression of EOMES and/or CD122 in a developing T cell in the thymus, making the cell more sensitive to receiving IL-15 stimulation in the periphery. Indeed, type I interferon (IFN) has been shown to influence the size of the peripheral T VM cell pool, most likely through just such a mechanism 49 . Were this to be the case, however, one might expect the T VM cells in IL-4-deficient mice to show reduced intracellular expression of EOMES, as is seen in T cells defective in type I IFN signalling 49 . As the expression of EOMES is equivalent in T VM cells from IL-4-deficient and those from wild-type mice (REF. 27 and R.M.K., unpublished observations), this seems unlikely.
Second low phenotype, but again their expression of CD122 remains low 48 . Consistent with these results, in vivo of naive-phenotype CD8 + T cells in the periphery creates memory-phenotype cells of some sort, but their consistent lack of canonical T VM cell markers, such as CD44 and CD122, makes them difficult to include in the T IM -T VM cell paradigm. Indeed, the importance of peripheral IL-4 was highlighted in independent reports from the laboratories of Steve Jameson and David Hildeman 45, 46 , in which the authors convincingly showed that the absence of administration of high doses of IL-4 in our laboratory induces the proliferation of both naive and memory-phenotype CD8 + T cells in vivo, but lowers their expression of both CD44 and CD122 (J.T.W., unpublished observations). This loss of CD44 and CD122 is in sharp contrast to the influence of excess IL-15 stimulation, which leads to the substantial upregulation of both of these markers 27, 28 (FIG. 2) . This is not to dispute the fact that high-dose IL-4 stimulation Nature Reviews | Immunology 
IL-4 has dramatic effects on the overall development of functional CD8
+ T cell memory in response to infectious challenge.
Lastly, and in our view the most probable explanation, physiological levels of IL-4 (as opposed to the high doses of IL-4 used in the experiments described above) may exert effects on T VM cells in the periphery by further expanding the pre-existing T VM cell pool. The fact that T VM cells have significantly elevated expression of IL-4 receptor subunit-α (IL-4Rα; compared with naive T cells) suggests that IL-4 can stimulate and expand those T VM cells that have already formed in response to IL-15 (REFS 28, 51, 52) . Given this, we suggest that the influence of IL-4 on peripheral T VM cells in wild-type mice is most likely to be the result of IL-4-induced thymic T IM cell transit to the periphery combined with some degree of IL-4-induced proliferation of established T VM cells (FIGS 1,2) . Whether the effect of IL-4 on T VM cells is stochastic, or if the T VM cell pool can be subdivided into cells that are more or less susceptible to proliferating in response to IL-4 (analogous to what is seen for CD5 levels and IL-15 sensitivity), remains to be determined.
It is worth mentioning that T IM cells have also been shown to be IL-15 dependent (in B6 mice; see the 'Mouse strains' section below), further complicating the hierarchy of cytokine dependencies for this cell type. Although this property of T IM cells has not been extensively explored, IL-15 may have important roles in the survival of T IM cells and/or their transit from the thymus into the periphery 22 (FIG. 1) .The transcription factor KLF2 is required for T cells to egress from the thymus, as KLF2 regulates the expression of sphingosine 1-phosphate receptor 1 (S1P1) 39, 53 . KLF2 is also responsible for regulating S1P1 expression in activated CD8 + T cells and memory CD8 + T cells, specifically in response to IL-15 (REF. 54 ). Given these data, it is possible that T IM cells require IL-15 stimulation to increase KLF2 and S1P1 expression in order to gain access to the thymic efferent lymphatics. IL-15 is also well known for its capacity to influence memory T cell survival 55 , so although the egress of T IM cells may well be intact in the absence of IL-15, their survival may not. Fortunately, these aspects of T IM cell development are highly amenable to study and will certainly be ascertained in the near future.
Functions of T IM and T VM cells
Both T IM and T VM cell subsets are poised to produce IFNγ when they come into contact with their cognate antigen. As a populations display forms of innate-like behaviour that are not displayed by conventional αβ T cells 59, 60 . Part of the shared functionality of these cells is probably due to the physiology of the liver. The portal vein supplies 80% of the blood flow into the liver, bypassing the spleen (the remaining 20% is arterially supplied) 61 . Thus, the liver is a front-line immune surveillance organ in which dietary antigens and pathogens from the gastrointestinal tract are often first encountered. Chronic exposure to metabolites derived from the gut flora from this portal blood flow creates a tolerogenic environment in the liver, in part owing to the induction of IL-10 production [61] [62] [63] . It has been postulated that the presence of so many innate-like lymphocytes, which have less strict requirements for inflammatory cytokine production than do conventional αβ T cells, may help to overcome this tolerogenic milieu by promoting the maturation of antigenpresenting cells 59 . For the purposes of host protection, the importance of the liver in controlling infection is shown by the increased morbidity and mortality seen in mice that lack Kupffer cells (liver-resident macrophages), and by the fact that this increase is not seen in splenectomized mice after Borrelia burgdorferi infection 64 . Furthermore, many chronic viral infections and particular developmental stages of parasites reside within the liver. These pathogens are difficult to clear for myriad reasons, yet it seems likely that inflammatory cytokine production and bystander killing by T VM cells, in the absence of antigenic stimulation, could help to mount a more productive response against these difficult-to-clear pathogens.
Aside from their capacity to produce IFNγ in response to inflammatory cytokines + T cell populations. That said, this is currently purely speculative, result, both enact antigen-specific immune protection against infection far better than do naive CD8 + T cells 27, 28, 44 . However, T VM cells have two additional functions that are yet to be demonstrated in T IM cells: namely, antigen-independent cytokine production and lytic activity (TABLE 1) . Similarly to antigen-experienced memory CD8 + T cells, T VM cells can produce IFNγ when stimulated with a combination of IL-12, IL-15 and IL-18. This occurs in the absence of any antigen encounter and facilitates a more innate-like role for T VM cells in response to the inflammatory milieu alone. T IM cell express EOMES at levels similar to those seen in T VM cells 22, 25, 26, 38, 39 , but they do not express T-bet 26, 38, 39 , which may be a factor in determining whether or not they possess a similar capacity to produce IFNγ in response to stimulation with inflammatory cytokines alone. Regardless, it is highly unlikely that T IM cells display the same bystander killing function as T VM cells. T VM cells express a range of molecules (for example, NKG2D, IL-18 receptor, signal transducer and activator of transcription 4 (STAT4) and granzyme B) that Martin Prlic and colleagues 56 showed can facilitate bystander (antigen-nonspecific) killing by CD8 + T cells. The expression of these effector molecules facilitates T VM cell-mediated bystander protection against infectious agents 28 . Underscoring what may be the most important difference between the T IM cell and T VM cell subsets, T IM cells do not express NKG2D 30, 50 . Thus far, only T VM cells are known to be capable of both cytokine production and target recognition and killing independently of antigen recognition. Although not associated with any specific effector function, T VM cell populations also expand in the host during ageing and show preferential trafficking to the liver 28 . Although antigen stimulation may help to facilitate the persistence of T VM cells over time 57 , both of these features of T VM cells are also probably related to their responsiveness to IL-15. IL-15 induces the long-term survival of memory CD4 + and CD8 + T cells, and the elevated CD122 expression of T VM cells will almost certainly provide them with a competitive advantage for responding to IL-15. Furthermore, IL-15 is highly expressed in the liver 58 . Given the high frequency of T VM cells in the liver, it probably serves as a site where T VM cells can be most efficiently stimulated over time.
In addition to T VM cells, NK cells, MAIT cells, γδ T cells and NKT cells are also enriched within the liver compared with in the blood. Interestingly, all of these and firm conclusions about the functional properties and potential benefits of T IM cells and IL-4-induced memory cells await further experimentation.
Lastly, regardless of their origin, the presence of antigen-inexperienced memoryphenotype CD8 + T cells specific for nominal antigen necessitates some reorientation of our views of 'primary' T cell responses to pathogens. It is now clear that essentially every T cell response, regardless of prior antigen exposure, is composed of both naive and memory responders. Aside from adding to the expanding complexity and heterogeneity of the primary immune response 28, 47 , this has already been shown to have an impact on the formation of antigen-specific memory. Stephen Jameson and colleagues 44 showed that T VM cells preferentially become T CM cells (as opposed to T EM cells) after the resolution of a primary immune challenge. More recently, the laboratories of Stephen Jameson and David Hildeman separately showed differences in the formation of CD8 + T cell memory between wild-type and IL-4-deficient BALB/c mice 45, 46 . Importantly, they showed that the impact of IL-4 occurred before pathogen exposure, which indicates that the alteration in conventional memory T cell subsets was directly related to the participation of T IM and T VM cell subsets. T VM cells behave in the same way to a secondary challenge as do cells that have followed the classical naive-to-T CM cell pathway 44 , so it is not clear how far beyond the development of 'primary immune memory' (that is, the memory population formed after a single antigen encounter) the influence of T IM and T VM cells extends. Regardless, the universal presence of these cells in almost all model systems (even in recombination-activating gene (RAG)-deficient TCR-transgenic mice 3, 27 ) mandates that they are taken into account.
Mouse strains
It is important to note that the vast majority of studies examining both T IM and T VM cell development and function have been performed in B6 mice. Although little has been done in other strains, such as the BALB/c strain, early indications are that both similarities and differences exist. hi (REF. 46)) is less dependent on IL-15. In this regard, it is interesting to note that the major cytokines controlling homeostatic proliferation in both lymphopenic and lymphoreplete hosts all utilize the common γ-chain receptor subunit that is used for signalling by IL-2, IL-4, IL-7 and IL-15. Thus, perhaps strain differences in the production of T VM cells are based on which common γ-chain-containing receptors are most highly expressed or used in that background strain. This remains speculation until the relevant cytokines and their receptors can be more conditionally and temporally controlled in the BALB/c strain, and their peripheral compartments examined for the gain or loss of T VM cells.
Human T VM cells
Although memory T cell subsetting in mice has become something of a 'cottage industry' in and of itself, a reasonable test of physiological and clinical relevance is whether or not an identified subset has a corresponding correlate in humans. Definitive proof of identical human equivalents of T IM and T VM cells is yet to be produced, but reasonable correlates have been identified. Although almost all T cells in human cord blood have a naive phenotype, a substantial number of T IM -like cells were identified in spleen samples obtained from pre-term infants 30, 66, 67 . Furthermore, PLZF is highly expressed in both thymic and splenic human fetal CD4 + T cells 67, 68 , consistent with the possibility of T IM cell development, IL-4-mediated expansion of T VM cells or both scenarios. Features of these fetal cells, such as EOMES expression and rapid IFNγ production 67 , are again consistent with either T IM or T VM cell classifications.
In cord and adult blood, a human cell population that has phenotypical and functional similarities (including in terms of trafficking behaviour) to mouse T VM cells was recently described 28, 69 (TABLE 1) .
Unlike in the mouse, in which CD5 levels are essentially fixed upon egress from the thymus 70, 71 , CD5 expression on human T cells decreases as the T cell undergoes differentiation 72 . Furthermore, T cells that express the lowest levels of CD5 are the most sensitive to IL-15 and have the highest expression of CD122 (REF. 73 26, 38 . Thus, although the magnitude of T IM cell development is determined by the mouse strain, the mechanisms that drive T IM cell development seem to be the same.
Second, in both B6 and BALB/c mice, the loss of T IM cells in the thymus does not lead to a complete loss of T VM cells in the periphery. IL-4 deficiency in BALB/c mice does produce a greater reduction in T VM cells in the periphery than is seen in IL-4-deficient B6 mice; whereas 80-90% of the T VM cell population in the periphery of B6 mice is intact, the numbers of T VM cells in IL-4-deficient BALB/c mice are reduced to ~30-50% of the levels seen in wild-type BALB/c mice 45, 46 . Given the increased thymic levels of PLZF and IL-4 in BALB/c mice, T IM cells would be expected to contribute more to the peripheral pool of memoryphenotype cells in the BALB/c strain than in the B6 strain. Furthermore, if the increased levels of IL-4 in the thymus of BALB/c mice correlate with increased systemic IL-4 levels, this would cause more proliferation of T VM cells in the periphery of BALB/c mice than in that of B6 mice. Thus, a greater influence of IL-4 on T VM cell frequency in the BALB/c host than in the B6 host is perhaps not surprising. However, the T VM cell frequency in an IL-4-deficient BALB/c is far from zero, which indicates that cytokines other than IL-4 are responsible for the development of cells with a T VM phenotype in the periphery. The obvious candidate is of course IL-15, but the available data suggest that this cytokine does not have the same obligate role in T VM cells in BALB/c mice as it does in B6 mice. A recent report from David Hildeman and colleagues 45 Although more analysis of these hosts is necessary, at the very least these data indicate far less of a reliance on IL-15 for T VM cell development in the BALB/c strain than in the B6 strain. Curiously, this result is in line with the expression of CD122 in the two strains; CD122 is expressed at much higher levels in B6 mice than in the BALB/c strain (S. Jameson and D. Hildeman, personal communication). Given the human CD45RA + CD27 − compartment (with high CD45RA expression and a lack of CD27 expression being canonical markers of naive and memory T cells, respectively 74 ). In addition, these CD5 low CD122 hi cells display the following features: first, increased expression of NUR77 (also known as NR4A1), a molecule for which expression correlates with the strength of TCR signal the cell receives 75 (suggesting a higher basal TCR-MHC self-affinity); second, expression of NK cell-associated markers, such as NKG2A, killer cell immunoglobulin-like receptor 3DL1 (KIR3DL1) and KIR3DL2 (REF. 69); and third, expression of both EOMES 76 and T-bet 28, 69 . Collectively, these markers indicate a human cell that possesses the mouse T VM cell-like characteristics of a higher affinity for self, a responsiveness to IL-15, and a capacity for bystander cytokine and killing functions 28 . This phenotype places these putative T VM cells squarely within the human CD8 + T cell subset known as terminally differentiated effector memory cells re-expressing CD45RA (TEMRAs; also known as terminal effectors). As can be surmised from the name, these cells are believed to be largely terminally differentiated. Indeed, their short telomeres -the shortest found among human CD8 + T cell subsets 77 hi T cells in the absence of secondary TCRs (that T cell compartment is compromised. The high expression of chemokine receptors (namely, CXCR3) and adhesion receptors (namely, CD11a, CD44 and LY6C) on T IM and T VM cells suggests that they would be among some of the first cells to be recruited to sites of infection. The ability of T VM cells to carry out bystander killing makes them even better suited to early pathogen control. As infections are increasingly encountered over time, it is in the best interests of the organism to favour the memory cells that can respond to that infection again. Antigen-inexperienced memory subsets, such as T IM and T VM cells, would be expected to eventually make way for the antigen-experienced memory cells, an inverse correlation that is consistent with published data 44 . Furthermore, the fact that the CD8 + T cells with the highest self-affinity are converted into T VM cells may even provide a way in which the organism can protect itself against autoimmunity, given that memoryphenotype T cells have decreased sensitivity to antigen and increased sensitivity to cytokines 83 . Thus, although questions remain regarding the development and function of antigen-inexperienced memory CD8
+ T cells, they seem to be unquestionably useful to the organism. The data summarized in this article argue that the T IM -T VM cell paradigm will be useful as antigen-inexperienced memory T cells are further studied in both mice and humans.
is, when maintained on a RAG-knockout background) 42 , whereas the majority of MHC class I-restricted TCR-transgenic mice do 3 . This is consistent with the interpretation that memory CD4 + T cells do not arise in an antigen-inexperienced fashion within a wild-type lymphoreplete mouse. Although the reasons for this are unknown, it may well be related to the substantially lower expression of CD122 on CD4 + T cells 27 relative to CD8 + T cells, which makes CD4 + T cells less susceptible to IL-15-mediated proliferation, much like the CD8 + T cells in the BALB/c host. While this would seem to suggest that all memory-phenotype CD4 + T cells are the result of antigen experience, the possibility remains that differentiating the memory CD4 + T cell populations in mice requires different markers. Although the search for CD4 + T VM cells in mice has not been successful so far, there is reason to believe that these cells may exist in humans. Recent studies from the laboratory of Mark Davis 78 suggest that some form of anti geninexperienced CD4 + T cells most likely exist, and it is now a question of refining the search, as one group has done by analysing the complementarity-determining region sequences of naive and memory-phenotype CD4 + T cells 79 .
Concluding remarks
A reasonable conclusion from the data on both T IM cells and T VM cells is that the host seems 'determined' to develop memoryphenotype CD8 + T cells in the presence or absence of antigen exposure. As with any biological phenomenon, this is either because evolution favoured the creation of these cells to benefit the organism or because they are the epiphenomenal result of some other evolutionarily conserved mechanism. Any answer to this question is clearly speculative, but the benefits of the spontaneous production of memoryphenotype T cells with non-antigendependent protective capacity seem obvious. Organisms go through periods of lymphopenia, both during the neonatal period and after thymic involution 2, 80, 81 . The organism is at greater risk from infection during these time periods; the fewer T cells that an organism has at its disposal, the less likely the organism is to have T cell clones that are specific for any given pathogen, which increases the need for a broader T cell response 57, 82 . The production of T IM cells and T VM cells would be evolutionarily beneficial as a mechanism for generating CD8 + T cells that can respond robustly in conditions in which the
